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The evolution of intrauterine development, vivipary, and placentation in eutherian mammals has introduced new possibilities
and constraints in the regulation of neural plasticity and development which promote neural function that is adaptive to the
environment that a developing brain is likely to encounter in the future. A range of evolutionary adaptations associated with
placentation transfers disproportionate control of this process to the matriline, a period unique in mammalian development in
that there are three matrilineal genomes interacting in the same organism at the same time (maternal, foetal, and postmeiotic
oocytes).The interactions between thematernal and developing foetal hypothalamus and placenta can provide a template by which
a mother can transmit potentially adaptive information concerning potential future environmental conditions to the developing
brain. In conjunction with genomic imprinting, it also provides a template to integrate epigenetic information from both maternal
and paternal lineages. Placentation also hands ultimate control of genomic imprinting and intergenerational epigenetic information
transfer to the matriline as epigenetic markers undergo erasure and reprogramming in the developing oocyte.These developments,
in conjunction with an expanded neocortex, provide a unique evolutionary template by whichmatrilineal transfer of maternal care,
resources, and culture can be used to promote brain development and infant survival.
1. Introduction
Two major innovations have contributed to the evolutionary
success of mammals. The first is the evolution of a foetally
derived placenta which enables the foetus to influence its own
destiny, whilst placing a considerable burden in terms of time
and energy investment on an expectant mother. Hormonal
cues provided by the developing foetus influence maternal
neural function, increase maternal food consumption to
compensate for increased energetic costs [1], suppress oestrus
and sexual behaviours [2, 3], decide the timing of parturition
[4], and prime the maternal hypothalamus to initiate mater-
nal care [5, 6]. One unique feature of placentation is that
there are three matrilineal generations and hence genomes
interacting in one organism at the same time (mother, foetus,
and postmeiotic oocytes) which provide a mechanism by
which a mother can transmit adaptive or predictive informa-
tion concerning potential future environmental conditions
to the developing foetal brain. It also provides a mechanism
to ensure intergenerational coadaptation of the maternal
hypothalamus, foetal brain, and placenta. This ensures that
a foetus whose hypothalamus has coadaptively engaged with
its placenta and maternal hypothalamus to provide optimal
transfer of energetic resources during development will when
mature have a hypothalamus that will be able to efficiently
transfer energetic resources to its own offspring [7–11]. Pla-
centation also hands disproportionate control of epigenetic
inheritance to the matriline as epigenetic markers undergo
global erasure and reprogramming in the developing zygote
[12–14]. The evolution of placentation is also accompanied
by the evolution of monoallelic gene expression or genomic
imprinting, where gene expression is silenced depending
on the parent of origin. Genomic imprinting is absent in
egg laying mammals and only around 6 imprinted genes
have been detected in a range of marsupial species (who
possess a choriovitelline placenta) [15]; this is in contrast to
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eutherian mammals where around 150 imprinted genes have
been described [15, 16]. Original theories of the evolution of
imprinted genes are derived from the hypothesis that pater-
nally and maternally expressed genes act antagonistically
within a developing offspring to promote differential interests
with regard to nutrient transfer, but this is difficult to recon-
cile with the observation that the erasure and reprogramming
of epigenetic markers and imprints is under matrilineal
control [12–14]. Hypotheses that explain the evolution of
imprinted genes have been derived that include kinship [17],
sexual antagonism [18], and varying models of maternal-
offspring and placental hypothalamic coadaptation [7–11, 19].
These hypotheses may not however be mutually exclusive.
The mammalian brain has undergone profound changes
during its evolution. The huge expansion of the neocortex
especially in primates has facilitated a shift in the complexity
of social interactions and in primates complex social cues
replace changes in hormonal states to promote maternal
and sexual responses. Parturition is not required to initiate
maternal behaviour which is therefore displayed towards a
range of offspring in a social group and sexual interactions
may occur out of oestrus and are used to reinforce social
attachment.The most important phases of neocortical devel-
opment and socialisation occur during periods of maternal
attachment, among stable groups of females that extend over
more than one generation. There are often complex social
hierarchies within these groups and social rank is often
inherited matrilineally from the mother [20].
The developing mammalian brain can demonstrate
remarkable plastic and adaptive responses many of which
serve to adapt the brain to an environment that it will
encounter when mature. This may account for the ease in
which mammals have undergone adaptive radiation into
a wide range of environmental niches, where evolution of
the brain and neuronal phenotype has paralleled adapta-
tions in physical structure. In this review we focus on the
importance of a number of mechanisms that contribute
to this and emphasise the importance of the matriline in
these mechanistic processes. We also suggest that failure in
these processes can result in the induction of deleterious
neural and peripheral phenotypes that cannot be viewed
as traditionally pathological but are phenotypes which are
adaptive to the environmental conditions with which an
individual or itsmother interacted during early development.
Subsequent shifts in environmental conditions during an
organism’s later development may leave it with a poorly envi-
ronmentally adaptive phenotype and a propensity for health
problems.
2. Predictive Adaptive Responses
The hypothesis of predictive adaptive responses or plasticity
(PAR) was originally developed at a whole organism level
to provide a mechanistic framework by which a developing
organism can attempt to predict and modify its develop-
mental phenotype to accurately match the environment
that it will encounter when mature. It also incorporated
a range of ideas that attempted to explain why early life
experiences are associated with an increased risk of disease
in later life, especially in contemporary human societies [21–
23]. There are four implications of the predictive adaptive
response hypothesis. Firstly, the early life environment is
predictive of the adult environment. This is likely to be
a more reliable proposition in animal species with short
intergenerational times (mice 4-5 weeks; cf. humans 13–15
years), with the exception of humans where technological
advances and cultural transmission have produced extended
environmental stability. Secondly, an organism which has
during development successfully predicted its adult environ-
ment will benefit from increases in both survival and Dar-
winian fitness. Thirdly, successful predictive responses are
primarily advantageous to the organism until reproductive
age, and for reproduction itself, postreproductive beneficial
or deleterious effects on an organism’s health do not affect
Darwinian fitness. And finally this predictive mechanism
may incorporate a fatal evolutionary flaw as a mismatch
between an environmental prediction and subsequent reality
may lead to a poorly adaptive phenotype and health problems
[20–22].
A range of predictive adaptive responses involving the
brain have been described in a number of mammalian
species. One of the simplest and earliest related to the
observation that vole pups (Microtus pennsylvanicus) born
in late summer and early autumn have much thicker coats
than those born in the spring. The proximal cue for this
is a reduction in day length, which is transmitted to the
developing vole in utero via melatonin signalling originating
in the mother [24, 25]. It is a tautological prediction that
reduced day length precedes winter and this adaptation
enables autumn born voles to survive winter better than they
would with thinner coats. Generally these predictive adaptive
responses are advantageous to survival but in dynamically
changing environments especially when intergenerational
times are extended, predictive adaptive responses may have
contingent or dichotomous properties which may lead to a
mismatch between phenotype and environment. One of the
most studied examples is the relationship between maternal
nutrition and offspring metabolism. A range of epidemio-
logical observations has established that maternal nutrition
developmentally programmes the metabolic, behavioural,
and developmental phenotype of their offspring. Well-
nourishedmothers have offspring who are adapted to affluent
environments; offspring born to mothers with restricted
nutrition are adapted to impoverished environments. Chil-
dren born with low birthweights (which is thought to reflect
impoverished intrauterine nutritional supply) enter puberty
early [26–29] and have a preference for high fat foods [30, 31]
and higher satiation thresholds [32] and a smaller stature
[33], phenotypical characteristics that are adaptive in a life
of impoverished circumstances.The proof of principle of this
adaptive response has been characterised in a range of animal
species, as direct human evidence is scant and incorporates
a range of confounders derived from adult socioeconomic
status [34]. Anecdotal evidence obtained from concentration
and prisoner-of-war camps suggests that physically large
individuals died first whilst at least some small individuals
survived [35]. And in a famine afflicted Ethiopian population
a high birthweight was associated with a 9-fold greater risk of
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rickets [36]. Epidemiological studies have however provided
inconclusive evidence. Between 1887 and 1888, harvests in
Finland failed and poor people suffered greatly in terms of
both adult and infant mortality. A key prediction of the
predictive adaptive response hypothesis should be that poor
individuals who were born in impoverished years should be
more resistant to the effects of the famine than those born
in more affluent years; however this was not the case and
poor people who were born in more affluent years were
less affected than those born in impoverished years [34].
Gluckman and Hanson argued that the poor physical and
economic conditions of those born in impoverished years
may have persisted throughout life and therefore their less
resilient responses did not represent a predictive adaptive
response to the 1887-8 famine [22].
The predictive adaptive response hypothesis has been
used to explain why variations in the early interuterine and
neonatal environment exert profound effects on health and
disease in later life. A mismatch between an environmental
prediction made during early development and subsequent
reality may mean that an organism may have a poorly
adapted phenotype to its adult environment which may
predispose it to health problems. Babies reared in affluent
environments enjoy a reduced risk of a range of diseases as
adults including diabetes [37–39]; however babies born in
impoverished but who move to more affluent environments
demonstrate increased rates of metabolic and cardiovascular
diseases in later life [40, 41].
2.1. The Evolution of Placentation Facilitates Intergenerational
Adaptive Neural Plasticity, Information Transfer, and Coad-
aptation. Placentation is universally thought to be an iconic
feature of mammalian evolution but this view is incomplete
and based on observations of extant mammalian species.
For much of early mammalian evolution the majority of
mammal species despite possessing a suite of iconic mam-
malian features including hair, thermoregulation, lactation,
and a highly developed neocortex laid eggs. The subsequent
evolution of placentation ensured that during gestation there
are three matrilineal generations, present in one organism
at one time (mother, foetus, and postmeiotic oocytes) which
provides a unique template by which a mother can transmit
environmental information to her developing foetus and her
potential grandchildren. The placenta is produced by the
developing foetus and provides a mechanism by which it
can attempt to control the physiology and neural function
of its mother to its own advantage. Progesterone secreted by
the placenta suppresses sexual activity [2, 3]; its metabolite
allopregnanolone increases maternal food intake [1], exerts
a neuroprotective influence [42], and promotes hippocampal
neurogenesis in both foetus and mother [43].
Placental hormones also prime the oxytocin system in
anticipation of parturition where oxytocin release is required
to support uterine contractions, milk ejection, and maternal
behaviour in the mother [5, 6] and to promote solicitation
from and attachment to the mother in the offspring [44], this
acts to coordinate the evolutionary appropriate behavioural
responses in both mother and infant. One potential caveat
of placentation means that the mother has to contend with
the potential immune response generated by an invasion of
semiallogenic foetal trophoblast cells [45].This has facilitated
the evolution of a range of coadaptive responses; the foetal
placenta has adapted to avoid the maternal immune system
but maternal natural killer cells have also adapted to activate
growth and development of the placenta, by promoting
angiogenesis, vascular remodelling, and trophoblast invasion
of the uterus [46].
The developing foetus begins to exert considerable lever-
age on the neural function of its maternal hypothalamus
during early placental development at the same time as it
develops a hypothalamus of its own [7–11, 47, 48]. This inti-
mate transgenerational interaction of two separate genomes
and hypothalami can provide an efficient mechanism to
promote both information transfer about environmental cues
and coadaptive function across generations. This model of
development has been termed hypothalamic/placental coad-
aptation and states that a developing foetus whose placenta
and hypothalamus are coadapted to regulate optimal resource
transfer from themother will develop an adult hypothalamus
that will be able to efficiently transfer resources to its own
offspring in utero via placentation or postnatally via lactation
and efficient maternal care [7–11, 47, 48].
2.2. The Evolution of Genomic Imprinting. Genomic imprint-
ing refers to a form of monoallelic gene expression whereby
the expression of an allele depends on its parental origin.
The fact that genomic imprinting is absent in egg laying
mammals and the fact that there are only 6 or so recorded
imprinted genes in marsupials but around 150 imprinted
genes in eutherian mammals have driven the development
of over 14 interesting theories that explain their existence
[14, 48]. Most of these theories are difficult to test empirically
and do have intellectual limitations. A number of these
theories may not be mutually exclusive. In the context of this
review two similar hypotheses involving transgenerational
coadaptation and information transfer provide interesting
explanations for the evolution of genomic imprinting. Wolf
and Hager, 2006 [19], suggested that monoallelically mater-
nally expressed genes facilitate coadaptation of interacting
maternal and offspring traits during development, which
acts to increase offspring fitness. One prediction of this is
that increasingly biased patterns of monoallelic maternal
gene expression would increase the overall fitness of any
subsequent generation. Keverne argued that imprinted genes
facilitate the coadaptation of the developing foetal hypotha-
lamus and placenta with the hypothalamus of the mother
[7–11, 47, 48]. This would also increase overall fitness of
offspring by promoting the transgenerational formation of a
hypothalamic centred network that acts to adapt and stabilise
optimal energetic and nutrient transfer between an expectant
mother and the developing foetal brain and placenta. The
hypothalamic neural circuitry responsible for the extraction
ofmaternal energetic resources displays a remarkable overlap
with the hypothalamic circuitry responsible for the provision
of resources to offspring.This ensures that a brain adapted to
extract optimal energetic resources when developing will be
predisposed to provide optimal energetic resources to its own
young.
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Many imprinted genes are coexpressed in the developing
hypothalamus and placenta, and a range of studies using
mice with an inactivated paternally expressed gene 3 (Peg3)
has provided a range of evidence that supports the role of
imprinted genes in the development of coadapted responses
between the hypothalamus and placenta. The Peg3 gene can
be inactivated in the maternal hypothalamus but not the
placenta or hypothalamus of offspring or be functional in the
maternal hypothalamus but inactivated in the hypothalamus
or placenta of offspring. Both of these paradigms produce
remarkably similar deficits in hypothalamic cell number,
maternal behaviour, and impaired suckling, which leads to
impaired growth, onset of puberty, and reproduction [48, 49].
Disruption of this hypothalamic-placental response with
24 h of maternal food deprivation induces a significant
decrease in Peg3 expression in the placenta and other gene
expression changes that are induced resemble those when the
Peg3 gene is inactivated and include the disruption of genes
expression linked to autophagy and ribosomal turnover.
In the foetal hypothalamus Peg3 expression is increased
following 24 h of maternal food deprivation. These results
suggest that the foetus attempts to control its own destiny
during periods of acute starvation by a short term sacrifice of
its placenta which preserves resources required for neuronal
development [48, 50].
Imprinted genes are found in clusters around heritable
imprint control regions (ICRs), which are thought to be
important for the regulation of monoallelic gene expression
and disruption to these can be associated with Prader-Willi
and Angelman’s syndrome [51]. Imprinted control regions
are highly conserved and predominatelymatrilineal and have
important roles for embryo survival and maternal/foetal
interactions during development [52, 53]. They are also
thought to have important roles in the allocation of matrilin-
eal time and energy, which is an important evolutionary con-
sideration given that often 90% of mammalian adult female
life is committed to pregnancy, lactation, and maternal care.
2.3. Epigenetic Considerations. The development of the brain
is by definition a complex epigenetic process; neural systems
are designed to respond to environmental changes as the
interactions of over a trillion synaptic connections both
are activity dependent and can be subjected to epigenetic
modification.This occurs throughout the life of an individual
but at key stages of development, epigenetic modification
of neural function is under disproportionate control of the
matriline. The erasure and reprogramming of the epigenetic
landscape in the developing oocyte, interaction of the devel-
oping brain and placenta with environmental cues, the ability
of a developing brain to accurately assess present conditions
and accurately anticipate the future, and programming of the
postpartum brain via efficient maternal care and lactation are
all disproportionately matrilineal processes. No two brains
are ever alike and even monozygotic twins exhibit increasing
differences in behaviour and predisposition to psychiatric
disorders as they age [54, 55] which are thought to be
associated with subtle epigenetic influences resulting from
minor variations in developmental environments. Immedi-
ately before birth, coordinated epigenetic and transcriptional
remodelling begins to facilitate the brains adaptation to an
extrauterine environment. At birth the foetus is disconnected
from its own placenta and supply of placental hormones
controlled by its own genome, including allopregnanolone,
which facilitates a rapid shift in GABA function [46, 47].
These processes enable rapid postnatal synaptogenesis and
neocortical expansionwhich allows the integration of activity
dependent neuronal gene expression and development with
salient environmental and developmental cues. In humans
this remodelling extends from just before birth to the first
year of life [56, 57]. Activity dependent neuronal gene expres-
sion, remodelling, and maturation during development are
critical for the proper development of neural circuits. In
the visual, auditory, and attentional systems, disruption of
this process results in a delay in the maturation of the
systems supporting these functions and lifelong cognitive
deficits [58, 59].This underappreciated process has important
implications for neonatal medicine, where interventions dur-
ing this critical transformative process may induce lifelong
deficits in neuronal function [60, 61]. A range of intergen-
erational based matrilineal epigenetic influences on neural
function and behaviour have been described mainly in the
context of maternal behaviour and stress responses [62–
64]. Rodents reared by mothers who display poor quality
maternal care acquire heritable epigenetic changes to their
oestrogen and oxytocin receptor systems and then in turn
display poor quality maternal care to their own offspring
[62, 63]. Although both developmental and intergenera-
tional epigenetic modifications are under disproportionate
control of the matriline, paternal transgenerational influ-
ences in neural function are also important. Male mice
conditioned to an aversive stimulus paired with an odour
(acetophenone) which activates a specific odorant receptor
(Olfr151) have offspring and grandoffspring that demon-
strate enhanced biological sensitivity to acetophenone and
increases in Olfr151 activity. Bisulfite sequencing of sperm
DNA in acetophenone conditioned fathers and their offspring
demonstrated CpG hypomethylation in the Olfr151 gene.
This paternal transgenerational mechanism is adaptive in
that it allows potential predator avoidance cues to be trans-
ferred quickly through a population [64]. Other examples
of paternal epigenetic influence may not be adaptive and
there is evidence that paternal age, nutrition, substance
abuse, and stress may predict mental and physical health
in offspring [65–68]. The exact molecular mechanisms by
which paternal epigenetic influences can be transmitted
across generations are poorly understood but are thought
to require the active cooperation of the matriline, as DNA
methylation marks are globally erased and reprogrammed in
the developing zygote following fertilisation [12–14]. Mothers
may also modify paternal influences on neural development
by dynamically adjusting their reproductive investment in
response to the qualities of their mate. Female mice that
mate with males housed in a socially enriched environment
exhibit increased levels of maternal care towards their off-
spring of pup nursing and licking towards their offspring,
which are associated with increases in expression of brain
derived neurotrophic factor in the maternal hypothalamus
[68].
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The evolution of paternally derived intergenerational
effects on offspring fitness and phenotype may suggest one
further mechanism by which adaptive traits can be passed
rapidly through an expanding population. Beneficial genetic
variations and epigenetic modifications of monoallelically
paternally expressed genes will spread far more rapidly
through a population than those of monoallelically expressed
maternally expressed genes. This is because mammals typi-
cally have fewer ancestral fathers than mothers as in males
freed from the energetic burden of placentation reproductive
success is based on competing to impregnate asmany females
as possible. This means that many low status males fail to
breed and yet high status males often have large numbers of
offspring. In populations that are moving into novel environ-
ments, who then subsequently undergo a rapid expansion this
reproductive asymmetry coupled with the evolution of pater-
nally expressed (and hence maternally silenced) gene expres-
sion provides an elegant mechanism to rapidly distribute
traits that are adaptive to neural function. Adaptive gene
variants and epigenetic modifications of paternally expressed
genes will spread extremely rapidly in such rapidly expanding
population, especially in circumstances where there are few
ancestral or founding fathers. This is an important adaptive
trait when populations are moving into new environmental
niches. There are animal examples of this gender asymmetry
of ancestral influences but one rare but illustrative human
example of this process relates to the amazing fecundity of
Genghis Khan who was thought to have sired over 1,500
children.This productivity was also replicated by his sons and
grandsons. As a consequence there are now over 16 million
men in Asia who can trace their Y chromosome lineage to
an extremely small number of reproductively successful men
living in the 12 and 13th centuries [69].
3. Discussion
In circumstances where an organism’s early life environment
provides accurate predictive cues to the environmental con-
ditions prevailing when adult, the ability of the developing
foetal and neonatal mammalian brain to adjust its develop-
ment to optimally match its function to the requirements of
its adult environment confers profound advantages in terms
of survival and reproductive fitness. One evolutionary devel-
opment that elegantly facilitates this process in eutherian
mammals is the development of a foetally derived placenta,
bywhich the foetus can attempt to control its own destiny and
hormonally regulate the maternal hypothalamus to leverage
maternal resources for its own benefit. This is a unique situ-
ation that requires the interaction and coadaptation of three
matrilineal generations andhence genomes interacting in one
organism at the same time (mother, foetus, and postmeiotic
oocytes). This provides a template by which a mother can
transmit adaptive information concerning present andpoten-
tial future environmental conditions to the developing foetal
brain over an extended period. When combined with the
evolution of imprinted genes and disproportionate maternal
control over the mechanisms of epigenetic inheritance, this
provides a mechanism to ensure intergenerational coadap-
tation of the maternal hypothalamus, developing brain, and
placenta, integrate potential maternal and paternal interests,
and promote the optimal allocation ofmaternal resources and
transfer of matrilineal cultural influences. In circumstances
either where the early environment provides inaccurate
cues to the environmental conditions prevailing when adult
due to rapid environmental change or when disruptions to
normal neural development occur, themismatch between the
environmental predictions made during early development
and subsequent reality may mean that an organism may
have a poorly adapted phenotype to its adult environment
which may predispose it to health problems. An apprecia-
tion of these underlying evolutionary salient processes may
provide a novel perspective on the casual mechanisms of
a range of health problems. The concept of a brain that
is not pathological in the classical sense but it is simply
mismatched to its environment has been most extensively
studied in the context of ancestral and early developmental
nutrition [21–23, 26–28, 31–35, 40, 41]. However, this concept
can be extended to provide insights into the development
of a range of alternative neural phenotypes. These include
psychopathy whose defining characteristics of impulsivity,
recklessness, lack of empathy, and a predisposition to violence
are adaptive in extreme conflict driven environments but
catastrophically maladaptive in normal circumstances [70,
71]. Examination of the adaptive potential of a range of neural
and cognitive deficits in the context of evolutionary derived
foetocentric brain and placental development, epigenetics
and environmental adaptation may provide novel insights
into the development and potential treatment of a range of
health, neurological, and cognitive disorders.
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